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ABSTRACT
Advances in the synthesis of amphiphiles has led to a broad new range of surfactants for in-
dustrial and medical applications. Hyperbranched polyglycerols (HPGs) have been employed
as a nonionic hydrophilic material with high salt stability. In this work the HPG scaffold
has been used to develop a series of different surfactants for use in industrial applications.
A series of HPG surfactants have been synthesized, characterized, and tested to achieve
improved surfactant properties, focusing on elevation of cloud points, salt stability, emulsion
stabilization, surface tension modification, greater surface activity at the critical aggrega-
tion concentration, and developing trends based on structure/property relationships. First,
more conventional surfactants were synthesized by hydrophobic-tail initiated ring opening
polymerization of glycidol yielding single tailed HPG surfactants. These surfactants all ex-
hibited high salt stability and elevated cloud points. They exhibited a wide range of surface
tensions at 1 wt. % surfactant in water that increased with increasing hydrophobe size.
It has also been determined that the HPG architecture plays a key role in determining the
cross-sectional area of the polymer surfactants and also dictates the type of emulsion formed.
Second, peripherally functionalized HPG surfactants were synthesized via a Williamson ether
synthesis, decorating the outside of the HPG scaffold, leading to a molecular core-shell-like
architecture. Peripherally functionalized HPGs exhibited strong O/W emulsions, but water
insolubility. They also exhibited strong surface tension modification.
In this thesis the HPG material is shown to be a highly tunable scaffold for the design
of industrially relevant nontoxic surfactants.
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CHAPTER 1
INTRODUCTION
1.1 NONIONIC SURFACTANTS
The design and development of new surfactants is crucial to the advancement of inter-
facial chemistries and achieving better industrial products. For example the development
of self-assembled nanostructures has been pivotal in providing new pathways to transport
drugs. This work will focus on the development and determining the structure/property re-
lationships of a new series of nonionic surfactants. Nonionic surfactants are characterized by
a hydrophilic head group, conventionally polyethylene oxide [1–5], that is covalently attached
to an aliphatic group. More recently, the one pot synthesis of hyperbranched polyglycerols
(HPGs), a polyether polyol material, was achieved by Frey et al. [6].
1.2 HYPERBRANCHED POLYGLYCEROLS AS A SCAFFOLD FOR AMPHIPHILIC
POLYMERS
Since their development, HPGs have been shown to be strong candidates for applications
as diverse as drug delivery [7], surface anti-fouling [8], and as nanoparticle contrast agents [9].
Given the similar polyether backbone of PEG and HPG as well as their water solubility and
their lack of cytotoxicity, they make for intriguing head groups of amphiphilic polymers. As
a result there have been a number of recent interesting amphiphilic HPG polymers including
diblock polystyrene-HPG [10] and hyperbranched polyethylene cores with HPG shells [11].
This work investigates the use of HPGs for applications as industrial nonionic surfactants.
Conventional nonionic surfactants are a class of amphiphilic molecules used in petroleum
and metal recovery, biomedical applications, personal care products, and detergents [12].
Whereas nonionic surfactants are preferred for oil recovery, among other applications, be-
cause of their lack of interaction with metal ions in solution, they also tend to have low
lower critical solution temperatures, or cloud points. Low cloud points are problematic as
they lower the performance of the overall surfactant. Therefore producing high cloud point
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nonionic surfactants with strong emulsification properties would meet need for surfactants
in high temperature applications, e.g.secondary oil recovery [13]. There is also a need for
surfactants that can withstand high shear forces during industrial processing of polymer
emulsions [14].
In this paper two morphologies of HPG surfactants are considered: the first are the
more conventional single-tailed surfactants utilizing HPG head groups that are covalently
bonded to different types of polyolefin chains; while the second are HPG scaffolds that have
been alkylated along the polyol periphery (Table 1.1). In each of the morphologies I will be
examining the respective surfactants HLB values (eq 1.1), which have been related to cloud
points [15], as well as their surface tension at the air/water interface at 1 wt % surfactant
in water.
HLB =
(
Molecular Weight of Hydrophile
Molecular Weight of Hydrophobe
)
× 20 (1.1)
From the surface tension data, we can gather information regarding the critical micelle
concentration (CMC) as seen in (Figure 1.1). Then using the Gibbs adsorption equation (eq
1.2) relating the change in surface tension to surface adsorption
Γ = − 1
mRT
(
dγ
dlnC
)
(1.2)
where m is the number of adsorbing species, in this paper m always equals 1, R is the
gas constant, T is the temperature, γ is the surface tension, and C is concentration. This
equation then quantifies the amount of surfactant adsorbed, Γ(C), which can be used to
determine the cross-sectional area of the surfactant at the interface, ACMC , using (eq 1.3)
ACMC =
1
ΓCMCNa
(1.3)
where Na is Avagadro’s number. The cross-sectional area of the surfactant at the interface
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can be related to the size of the hydrophobe, but is also affected by the pervaded volume
of the chemical in question with a large cross-sectional area being characteristic of strong
wetters. For instance fluorocarbons and siloxane based surfactants have larger pervaded
volumes and cross-sectional areas than typical hydrocarbons lending themselves to greater
wetting efficiency [16]. Additionally, the surfactants are tested for elevated cloud points
and salt stability, a predicted strength of the HPG scaffold, and their ability to stabilize
emulsions.
1.3 TABLES AND FIGURES
Figure 1.1: Diagram of critical micelle concentration from surface tension experiment.
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Table 1.1: Nomenclature and Structures of Relevant Hyperbranched Polyglycerol Surfactants
Nomenclature Structure
Tergitol TMN HPG
Tergitol 15-S-7 HPG
UNILIN 425 HPG
UNILIN 550 HPG
2-octyl-1-dodecyl-HPG
C18-Functionalized HPG
C10-Functionalized HPG
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CHAPTER 2
HYDROPHOBIC-TAIL INITIATED HYPERBRANCHED POLYGLYCEROL
SURFACTANTS
2.1 INTRODUCTION
In this section I will characterize and analyze the structure/property relationships of
hydrophobic-tail initiated HPG surfactants. They were synthesized by anionic ring opening
polymerization (ROP) using a hydrophobic initiating alcohol (Figure 2.1). By varying the
hydrophobe size and shape (linear vs branched), we are able to develop trends in regard
to surface tension depression, emulsion stability, cloud points, salt stability, and critical
aggregation concentration. Within this series of surfactants are two commercially available
surfactants in the Dow Tergitol series that have been modified with HPG head groups to
provide elevated cloud points. Also in this series are the UNILIN-type HPG surfactants
that employ linear long chain alcohols to initiate HPG ROP and are expected to have both
elevated cloud points and strong emulsion stabilization. UNILIN-type HPGs may also be
useful in high temperature and high shear environments given their large size. The final
surfactant analyzed is the branched 2-octyl-1-dodecyl-HPG which has a similar structure to
the Tergitol 15-S-7 HPG, excepting the PEO spacer, and should yield similar results.
2.2 EXPERIMENTAL
2.2.1 SYNTHESIS OF UNILIN 425 HPGS
UNILIN 425 HPGs were synthesized by anionic ring opening polymerization of glycidol
using UNILIN 425 alcohol (80-85% in polyethylene pastille Baker Hughes) initiator depicted
in Scheme 1. UNILIN 425 alcohol, dried in vacuum oven over night at 50 ◦C, was ground using
a mortar and pestle, then was melted at 95 ◦C and partially deprotonated (10%) with sodium
methoxide (25% in methanol, Sigma Aldrich) in a flame dried three-neck round bottom flask
with a mechanical stirrer and Vigreux column attachment connected to dry N2(g). An 8.6 mL
aliquot of twice distilled glycidol (stored at -20 ◦C over 4 A˚ sieves) was added by syringe pump
at 0.49 mL h−1 and allowed to react overnight. The molecular weight was controlled by using
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a stoichiometric ratio of initiator to monomer. After completion of the reaction, the product
was dissolved in methanol and neutralized by filtration over Amberlite cation-exchange resin.
The solution was then three times precipitated from methanol solution into diethyl ether
and subsequently dried under vacuum overnight. The product was then dissolved in water
and filtrated over diatomaceous earth followed by 0.45 and 0.20µm Teflon filters to remove
unreacted initiator and polyethylene. The solution was then dried overnight under vacuum
and elevated temperature. The polymer obtained was a straw colored highly viscous liquid.
Caution: add sodium methoxide before raising temperature for melt.
2.2.2 SYNTHESIS OF UNILIN 550 HPGS
UNILIN 550 HPGs were synthesized by anionic ring opening polymerization of glycidol
using UNILIN 550 alcohol (80-85% in polyethylene pastille Baker Hughes) initiator depicted
in Scheme 1. UNILIN 550 alcohol, dried in vacuum oven over night at 50 ◦C, was ground using
a mortar and pestle, was melted at 110 ◦C and partially deprotonated (10%) with sodium
methoxide (25% in methanol, Sigma Aldrich) in a flame dried three-neck round bottom flask
with a mechanical stirrer and Vigreux column attachment connected to dry N2(g). An 10 mL
aliquot of twice distilled glycidol (stored at -20 ◦C over 4 A˚ sieves) was added by syringe pump
at 0.49 mL h−1 and allowed to react overnight. The molecular weight was controlled by using
a stoichiometric ratio of initiator to monomer. After completion of the reaction, the product
was dissolved in methanol and neutralized by filtration over Amberlite cation-exchange resin.
The solution was then three times precipitated from methanol solution into diethyl ether
and subsequently dried under vacuum overnight. The product was then dissolved in water
and filtrated over diatomaceous earth followed by 0.45 and 0.20µm Teflon filters to remove
unreacted initiator and polyethylene. The solution was then dried overnight under vacuum
and elevated temperature. The polymer obtained was a straw colored highly viscous liquid.
All other hydrophobic tail initiated surfactants were prepared by Brenda Andrade [17].
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2.2.3 CHARACTERIZATION OF HYDROPHOBIC-TAIL INITIATED HPGS
Nuclear Magnetic Resonance Spectroscopy. 1H and 13C NMR were carried out in d4-
methanol on the Varian VXR-500 spectrometer (1H) and Varian Unity 400 spectrometer
(13C) running at 500 and 100 MHz, respectively. Depicted in (Figures 2.2, 2.3 and 2.5, 2.6)
are the 1H and 13C NMRs for UNILIN 425 and 450 respectively. All peaks can be assigned
as given in those figures.
In the UNILIN 425 HPG 1H spectra, we see peaks at (δ = 3.58 ppm, BM) corresponding
to the methylene and methine peaks of the HPG; (δ = 1.30 ppm, BP) corresponding to the
methylene of the UNILIN 425 chain; (δ = 0.91 ppm, BT) corresponding to the methyl group
on the UNILIN 425 chain. In the UNILIN 425 HPG 13C spectra, we see peaks at (δ = 79.8
ppm, BM), (δ = 73.9 ppm, BM), (δ = 72.2 ppm, BM), (δ = 70.7 ppm, BM), (δ = 64.3 ppm,
BM) corresponding to the methylene and methine peaks of the HPG; (δ = 30.7 ppm, BM)
corresponding to the methylene of the UNILIN 425 chain; the methyl group on the UNILIN
425 chain does not appear above the noise level.
In the UNILIN 550 HPG 1H spectra, we see peaks at (δ = 3.62 ppm, BM) corresponding
to the methylene and methine peaks of the HPG; (δ = 1.31 ppm, BP) corresponding to
the methylene of the UNILIN 550 chain; (δ = 0.93 ppm, BT) corresponding to the methyl
group on the UNILIN 550 chain. In the UNILIN 550 HPG 13C spectra, we see peaks at
(δ = 79.6 ppm, BM), (δ = 73.7 ppm, BM), (δ = 72.0 ppm, BM), (δ = 70.5 ppm, BM),
(δ = 64.1 ppm, BM) corresponding to the methylene and methine peaks of the HPG; due
to low incorporation of the UNILIN 550 the methylene and methyl groups on the UNILIN
550 chain do not appear above the noise level.
Low-Res Electrospray Ionization - Mass Spectrometry. Surfactant samples were submitted
for low-res ESI-MS at the concentration of 2.5 mg/mL in water. The mobile flow phase
was 50/50 H2O/ACN . The mass spectra for UNILIN 425 and 550 HPGs, (Figures 2.4, 2.7)
respectively, show a considerably lower molecular weight for the polymer surfactant which
makes sense as the GPC standard corresponds to a considerably more globular molecule and
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would overestimate the mass of the HPG surfactants.
Gel Permeation Chromatography & Multi-angle Light Scattering. Polymers were dissolved
in DMF with 0.1 M LiBr eluent, at concentrations between 10-20 mg/mL and injected
into a Water 1515 Isocratic HPLC pump with a Waters 2414 refractive index detector and
a tandem Wyatt miniDAWN TREOS multi-angle light scattering detector. Samples were
analyzed using the Astra 6.1 software package with elution time calibrated using internal
standard BSA. A summary of the characterization data for the hydrophobic-tail initiated
surfactants is listed in (Table 2.1).
Surface Tension. Surface tension measurements were taken of the air/water interface using a
Kibron Delta-8 high throughput tensiometer for all surfactants at a range of concentrations
from 0.1 to 1 wt.% in deionized water with the exception of Unilin 425 HPG which was
sampled in the range of 0.0005 to 1 wt.% also in deionized water. All samples were run 3 times
and averaged. Critical aggregation concentrations (CAC) were determined since the shape
of the aggregates have not been characterized. Surface tension data for the hydrophobic-tail
initiated surfactants is summarized in (Table 2.2).
2.3 SURFACTANT PROPERTIES TESTING
Cloud Point and Salt Stability in Water. The cloud point, or lower critical solution tem-
perature, was determined by monitoring 1 wt. % solutions of each surfactant in water at
varying degrees of salinity. Vials were heated in an aluminum heat block in increments of
5 ◦C ranging from room temperature to 80 ◦C and in some cases higher. Samples were gener-
ally not heated beyond 80 ◦C to avoid significant water evaporation. As can be observed from
(Figures 2.8, 2.9, 2.10) both UNILIN HPG surfactants, the 2-octyl-1-dodecyl-HPG surfac-
tant, and the Tergitol-type HPG surfactants have cloud points exceeding 80 ◦C. Cloud point
data is summarized in (Table 2.3). All synthesized hydrophobic-tail initiated surfactants
exhibit solution clarity under below 10 wt. % NaCl. The cloud points of DOW chemical’s
commercially available Tergitol series were improved on by growing HPG head groups that
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increase the molecular weight, raising the resultant cloud point.
Emulsion Stability. The emulsifying properties of the hydrophobic-tail initiated surfactants
were tested by emulsifying 50% v/v 1-octanol with 1 wt. % surfactant in water. Each so-
lution was vortexed for 30 s to achieve homogeneity. The samples were then monitored over
24 h via time-lapse. The samples were measured using a ruler to determine and characterize
the percentage of the sample emulsified.
2.4 DISCUSSION
In this work we have generated a series of hydrophobic-tail initiated HPG surfactants
with the purpose of elevating cloud points, providing strong emulsion and salt stability,
and developing surfactants using a highly tunable polymer material. The Tergitol series,
particularly the Tergitol 15-S-7 and Tergitol TMN6, of surfactants are conventional non-
ionic single tailed surfactants that create strong oil in water (O/W) emulsions and exhibit
moderate surface tension depression at the air/water interface typical of a number of hydro-
carbon based surfactants[16]. Whereas the initial interest modifying conventional Tergitol
surfactants was simply to raise their cloud point and increase salt stability, while main-
taining similar chemical characteristics, this surprisingly led to substantial modification of
their emulsifying properties. The addition of HPG head groups to the Tergitol TMN6 and
Tergitol 15-S-7 surfactants had the expected effect of raising cloud points above 80 ◦C but
also led to water in oil (W/O) emulsions and in the case of the Tergitol 15-S-7 HPG by a
dramatic margin of 75% and a 10% O/W extraction layer. The Tergitol TMN6-HPG did not
display high emulsification which may be related to the structure of the polymer not being
conducive to anchoring the polymer in separate phases as it does not have a substantially
long hydrophobe compared to the size of the HPG; where emulsion stability can be largely
dependent on the formation of tails extending from the interface[18]. However, the Tergitol
TMN6-HPG did have the lowest surface tension of the tested hydrophobic-tail initiated sur-
factants. The TMN6-HPG due to it’s branched hydrophobe effectively swells and packs to
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occupy more space at the air/water interface lowering the surface tension. It may also be
inhibiting the HPG from adsorbing to the interface, as may be the case in some of the other
surfactants.
Similar to the structure of the Tergitol 15-S-7-HPG surfactant, the (2-octyl-1-dodecyl)-
HPG exploits the 2-branch architecture but with longer chains that should assist in emulsion
stabilization. Like the other hydrophobic-tail initiated surfactants it excels at salt stability
and displays an elevated cloud point, however, it faces a substantial penalty as a wetting
agent compared to the shorter chain moieties in the Tergitol series. However, it is similarly
a strong emulsifying agent as the Tergitol 15-S-7-HPG garnering a 75% W/O emulsion
with a 13% extraction of oil in the water layer. Nevertheless, this does not provide a
significant improvement on the Tergitol 15-S-7 HPG, which is not altogether surprising given
the structural similarities. That said, there is a striking difference in the cross-sectional area
of the polymer at the interface between the Tergitol 15-S-7-HPG and the (2-octyl-1-dodecyl)-
HPG, where the former is 2.29 times larger than the latter. This may result from the bulk
of the HPG head group which is considerably larger for the (2-octyl-1-dodecyl)-HPG and
may sterically inhibit effective packing at the interface [19]. The PEG spacer in the Tergitol
15-S-7 HPG also provides additional flexibility for packing at the interface.
The final type of hydrophobic-tail initiated surfactants that will be discussed are the
UNILIN-type HPG surfactants. Due to the immense size of the hydrophobe in the case of
the UNILIN-HPG surfactants it is unlikely that they would be effective wetters as seen in
(Table 2.2); however, given the substantial polydispersity of chains and the smaller size of the
UNILIN 425 alcohol, the UNILIN 425 HPG fairs significantly better than the UNILIN 550
HPG in surface modification. It is also important to recognize that the UNILIN 550 HPG
had low incorporation of the alkyl chain compared to the UNILIN 425 HPG. However, even
with better incorporation the UNILIN 550 HPG is unlikely to demonstrate strong wetting
characteristics, due to the hydrophobe sizes. While the UNILIN-type surfactants display
all of the same salt stability and elevated cloud points as the other tested surfactants, it is
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important to note that the purification process may skew such results by eliminating lower
HLB surfactants from the solution. The UNILIN 425 HPG has a uniquely low CAC value
of 0.04 wt. % due to the size of the hydrophobe. The drastic difference in CAC between
the UNILIN 425 and 550 HPG can be explained by the low incorporation of the UNILIN
550 HPG which would be predicted to have a lower CAC value. It would then seem to be
surprising that the cross-sectional area of each of these surfactants, particularly the UNILIN
550 HPG, is so much higher than the other surfactants. Still, the UNILIN 550 exhibited low
incorporation, as result what may be being measured is adsorption of the HPG head group at
the surface in addition to the very large chain. The emulsion properties of the UNILIN 425
HPG surfactant show significant improvement on the Tergitol-type HPGs and the (2-octyl-
1-dodecyl)-HPG with the entire solution emulsified at 24 hrs(Table 2.3). The UNILIN 425
HPG has much longer tails that can act as anchors in the oil phase and the higher viscosity
may also give longer term stability to emulsions formed. The UNILIN 550 HPG, due to the
low incorporation, displays lower W/O emulsification but helps illuminate the function of
the HPG in the emulsification. As there is a substantially larger O/W extraction layer in
the UNILIN 550 emulsion, it is likely the HPG absorbs oil around its polyether backbone
and can transport this oil into the water layer. While the introduction of the hydrophobe
prevents this migration and allows the HPG to trap water within the oil layer.
2.5 FUTURE DIRECTIONS
There are a number of important aspects of the work that need clarification most glaring
of which being the need to establish the aggregate shape of each the surfactants by scan-
ning electron microscopy that can help elucidate the CAC trends observed in (Table 2.2).
Additionally characterizing the contact angles of the HPG surfactants on lipophillic and hy-
drophillic substrates would allow for a better characterization of the surfactants preferential
affinity and wettability [20]. The other step would be to move towards tunable gemini-type
surfactants that have a more brush like architecture than those of typical gemini surfac-
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tants first introduced by Menger and Littau [21][22]. These surfactants can potentially be
used to form self-assembled nano-carriers with decent barrier properties. It is also worth
establishing the impact on cloud points of using HPG surfactants over polyethylene oxide
based surfactants of similar molecular weights given HPGs increased ability to form hydro-
gen bonds. Lastly, it would be valuable to test the stability of the UNILIN 425 HPG under
high shear and high pressure to establish the potential as a secondary oil recovery surfactant
for hydraulic fracturing applications.
2.6 CONCLUSION AND FINAL REMARKS
In this chapter we have generated, characterized, and analyzed five groups of HPG surfac-
tants to elucidate their unique properties and develop structure/property relationships. All
the series of surfactants exhibited elevated cloud points and high salt stability. The HPG ma-
terial has been explored as a commercially viable head group material and displayed emulsion
modifying properties, but appears to have negatively impacted surface tension depression. It
would also appear that the CAC and ACAC are related to the size of the hydrophobe and the
HLB of the surfactant with the UNILIN 550 acting as an outlier due to low incorporation of
the hydrophobe. Hyperbranched polyglycerol surfactants are evidently worthwhile for the
investigation of polymeric nonionic surfactants due to their high salt stability and strong
potential for O/W emulsification.
2.7 TABLES AND FIGURES
Table 2.1: Characterization Table of Hydrophobic-Tail Initiated HPG Surfactants. (a) Mea-
sured by GPC
Structure Description Mn (kDa)a PDI HLB
Tergitol TMN6-HPG 1.4 1.7 17
Tergitol 15-S-7-HPG 1.3 1.3 16.5
UNILIN425 2.1 1.6 16.1
UNILIN550 2.0 2.0 14.7
(2-octyl-1-dodecyl)-HPG 2.1 1.0 17.3
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Table 2.2: Surface Tension, Critical Aggregate Concentration and Cross-Sectional Area at
Air/Water Interface for Hydrophobic-Tail Initiated HPG Surfactants
Structure Description γ @ 1 wt% (mN/m) CAC (wt. %) ACAC (A˚
2
)
Tergitol TMN6-HPG 37.2 >1 -
Tergitol 15-S-7-HPG 44.3 0.80 174
UNILIN425 48.3 0.04 199
UNILIN550 60.2 0.75 328
(2-octyl-1-dodecyl)-HPG 59.3 0.99 76
Table 2.3: Surfactant Testing for Emulsion Stability, Cloud Point, and Salt Stability for
Hydrophobic-Tail Initiated HPG Surfactants. (a) Measured at 24 hrs
Structure Emulsion LCST in Salt
Description Stability @ 1 wt. %a H2O (
oC) Stability
Tergitol TMN6-HPG 20% W/O, 15% O/W >80 High
Tergitol 15-S-7-HPG 75% W/O, 10% O/W >80 High
UNILIN425 75% W/O, 25% O/W >80 High
UNILIN550 66% W/O, 34% O/W >80 High
(2-octyl-1-dodecyl)-HPG 75% W/O, 13% O/W >80 High
Figure 2.1: Reaction scheme for synthesis of UNILIN-type surfactants.
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Figure 2.2: 1H NMR for UNILIN 425 HPG in d4-methanol.
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Figure 2.3: 13C NMR for UNILIN 425 HPG in d4-methanol.
Figure 2.4: Low-Res ESI-MS of UNILIN 425 HPG.
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Figure 2.5: 1H NMR for UNILIN 550 HPG in d4-methanol.
Figure 2.6: 13C NMR for UNILIN 550 HPG in d4-methanol.
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Figure 2.7: Low-Res ESI-MS of UNILIN 550 HPG.
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Figure 2.8: Cloud point and salt stability testing for UNILIN 425 HPG in the range of
25-95 ◦C for concentrations of 0 - 10% NaCl.
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Figure 2.9: Cloud point and salt stability testing for UNILIN 550 HPG in the range of
25-90 ◦C for concentrations of 0 - 10% NaCl.
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Figure 2.10: Cloud point and salt stability testing for 2-octyl-1-dodecyl-HPG in the range
of 20-80 ◦C for concentrations of 0 - 10% NaCl.
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Figure 2.11: 1-octanol/1 wt.% active water 50% v/v shake flask room temperature
emulsion stability testing, time stop images of hydrophobic-tail initiated HPG surfactants.
Tergitol type HPG surfactants reproduced from [17].
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CHAPTER 3
PERIPHERALLY FUNCTIONALIZED HYPERBRANCHED POLYGLYCEROL
SURFACTANTS
3.1 INTRODUCTION
In this section I will be analyzing a series of peripherally functionalized surfactants that
are similar to a reverse of the core-shell architectures that were generated by Haag and
Guan et al. [11]. These surfactants were generated through a williamson ether synthe-
sis such that the peripheral alcohols were alkylated with C10 and C18 aliphatic chains to
different degrees. As with the hydrophobic-tail initiated HPGs, I will also be looking at
the structure/property relationships of this series of HPGs in relation to surface tension
depression, emulsion stability, cloud points, salt stability, and critical aggregation concen-
tration. However, the predicted properties of the peripherally functionalized HPGs are less
clear as these HPGs significantly deviate from the classical approach of primarily linear,
micelle compatible surfactants, with the caveat that given the hydrophile core-lipophile shell
architecture these surfactants are unlikely to have high cloud points.
3.2 EXPERIMENTAL
3.2.1 SYNTHESIS OF PERIPHERALLY FUNCTIONALIZED HPGS
All peripherally functionalized HPGs were synthesized by Brenda Andrade.[17]
3.2.2 CHARACTERIZATION OF PERIPHERALLY FUNCTIONALIZED HPGS
All peripherally functionalized HPGs were characterized by Brenda Andrade.[17] A sum-
mary of characterization data for the functionalized HPG surfactants is listed in (Table 3.1).
Surface Tension. Surface tension measurements were taken of the air/water interface using a
Kibron Delta-8 high throughput tensiometer for all surfactants at a range of concentrations
from 0.1 to 1 wt.% in deionized water. All samples were run 3 times and averaged. Surface
tension data for the functionalized HPG surfactants is summarized in (Table 3.2).
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3.3 SURFACTANT PROPERTIES TESTING
Cloud Point. The cloud point was determined by monitoring 1 wt. % solutions of
each surfactant in water at varying degrees of salinity. Vials were heated in an aluminum
heat block in increments of 5 ◦C ranging from room temperature to 80 ◦C and in some
cases higher. Samples were generally not heated beyond 80 ◦C to avoid significant water
evaporation. As can be observed from (Figures 3.1, 3.2, 3.3) all solutions were dispersible,
but insoluble. However, the upper critical solution temperature was observed in the case of
the C10-HPG(12.7) and C10-HPG(14.1) at 70
◦C and 65 ◦C, respectively (Figure 3.2).
Emulsion Stability. The emulsifying properties of the hydrophobic-tail initiated surfactants
we tested by emulsifying 50% v/v 1-octanol with 1 wt. % surfactant in water. Each solution
was vortexed for 30 s to achieve homogeneity. The samples were then monitored over 24 hours
via time-lapse. The samples were measured using a ruler to determine and characterize the
percentage of the sample emulsified.
3.4 DISCUSSION
In this work we have introduced peripherally alkylated HPG surfactants that explore the
potential of the reactive polyol periphery of the HPG architecture. This has led to distinct
properties from the more conventional single chained species in the previous chapter. While
it has been noted that the peripherally functionalized HPGs are water insoluble, this is not
particularly surprising since the design replicates a core-shell structure at a single molecule
level with the shell being lipophillic and the core hydrophillic. These surfactants also have
significantly lower HLBs than the hydrophobic-tail initiated HPGs.
The first type of peripherally functionalized HPG is the HPG-C18 (5.1) surfactant. This
surfactant displayed moderate surface tension lowering capability on par with the surface
tension depression of the Tergitol 15-S-7 HPG and the UNILIN 425 HPG which is not
surprising given that the hydrophobic size of the surface active component is somewhat
similar to each of those cases. While the HPG-C18 (5.1) surfactant contain 5.1 C18 chains
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it is unlikely that all can be in contact with the air/water interface at once. However, due
to the high amount of configurations possible for the HPG architecture there may be a
significant driving force to rearrange into a configuration where most chains are exposed. It
is also not clear whether the HPG architecture alkylated cooperatively or if chains deactivate
regions of the HPG after alkylating its surface. The cross-sectional area of the HPG-C18
(5.1) surfactant is also comparable to that of the Tergitol 15-S-7 HPG lending credence to
the idea that some of the HPG architecture is adsorbing at the air/water interface. Most
interestingly about the HPG-C18 (5.1) surfactant is the strength of the emulsion formed and
the significant extraction into the water layer of 40 %. The mechanism of this behavior is
especially unclear as it would be assumed that given the architecture of this surfactant it
would prefer to exclusively generate a W/O emulsion. The larger extraction layer would
suggest that large aggregate formation could sufficiently stabilize the oil within the HPG
matrix while in the water layer. The interpenetrating chains could then supply substantial
viscosity to stabilize the dispersion.
The other type of peripherally functionalized HPG surfactants the HPG-C10 (14.1) and
HPG-C10 (12.7) surfactants displayed similar properties although obeyed more expected
trends. These surfactants had significantly higher degrees of alkylation and given that the
chains were much shorter it makes sense that they should be more effective at lowering
the surface tension. Indeed this is the case, as the C10-alkylated HPG surfactants display
surface tensions of ∼31 mN m−1, the lowest of the surfactants studied in this paper. The
CACs for these surfactants are considerably higher than the C18-alkylated HPG surfactant
which is also related the smaller chain size. The C10-alkylated HPG surfactants emulsion
stability is particularly illuminating as they exhibit the expected W/O emulsions without
any extraction layer. In contrast to the substantial layer seen in the C18-alkylated HPG
surfactant. It may be that the C10 chains are simply too short to give preference to water
stable aggregates. It is also interesting that the less alkylated the two C10-alkylated HPG
surfactants displays better W/O emulsion stabilization. While the difference is small it is
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likely that the additional alkyl chains begin to act too repulsively towards the water to act
as an effective carrier between phases. There appears to be a saturation limit related to the
HLB of peripherally functionalized HPGs that damages the emulsion stabilizing properties
the surfactant.
3.5 FUTURE DIRECTIONS
Future work for the peripherally functionalized HPG surfactants would be to establish
clearly the remaining CAC and ACAC values, as well as establish the shape of the aggregates
being formed by scanning electron microscopy. Additionally, it would be valuable to deter-
mine where the alkyl chains are located with respect to one another on the HPG surface as
previously noted and whether the addition of alkyl chains is cooperative or not.
3.6 CONCLUSION AND FINAL REMARKS
Peripherally functionalized HPG surfactants were developed and analyzed to determine
structure/property relationships. The alkylated surfactants produced some improved and
distinct properties from the single chain surfactants of the previous chapter, including im-
proved surface tension modification and strong O/W emulsion formation as in the case of
the C18 (5.1) alkylated HPG surfactant. It has also been suggested that large water stable
aggregate formation is responsible for the displayed extraction layer of the C18 (5.1) alky-
lated HPG emulsion. The C18 (5.1) alkylated HPG has also shed light on the large cross
sectional areas exhibited by the hydrophobic-tail initiated surfactants.
3.7 TABLES AND FIGURES
Table 3.1: Characterization Table of Peripherally Functionalized HPG Surfactants. (a)
Measured by GPC
[17]
Structure Mn (kDa)a PDI Alkyl Ave no. of HLB
Description Alkyl Groups
HPG-C18 (5.1) 2.8 1.37 C18 5.1 10.8
HPG-C10 (14.1) 3.2 1.45 C10 14.1 7.6
HPG-C10 (12.7) 3.1 1.44 C10 12.7 8.4
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Table 3.2: Surface Tension, Critical Aggregate Concentration and Cross-Sectional Area at
Air/Water Interface for Peripherally Functionalized HPG Surfactants.
Structure Description γ @ 1 wt% (mN/m) CAC (wt. %) ACAC (A˚
2
)
HPG-C18 (5.1) 46.6 0.79 146
HPG-C10 (14.1) 30.8 >1 -
HPG-C10 (12.7) 31.8 >1 -
Table 3.3: Surfactant Testing for Emulsion Stability, Cloud Point, and Salt Stability for
Peripherally Functionalized HPG Surfactants. (a) Measured at 24 hrs
Structure Emulsion LCST in Salt
Description Stability @ 1 wt. %a H2O (
oC) Stability
HPG-C18 (5.1) 60% W/O, 40% O/W Insoluble Low
HPG-C10 (14.1) 60% W/O Insoluble Low
HPG-C10 (12.7) 65% W/O Insoluble Low
Figure 3.1: Cloud point and salt stability testing for degree of alkylation 12.7
lipophile-functionalized C10-HPG in the range of 20-80
◦C for concentrations of 0 - 10%
NaCl.
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Figure 3.2: Cloud point and salt stability testing for degree of alkylation 14.1
lipophile-functionalized C10-HPG in the range of 20-80
◦C for concentrations of 0 - 10%
NaCl.
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Figure 3.3: Cloud point and salt stability testing for degree of alkylation 5.1
lipophile-functionalized C18-HPG in the range of 20-80
◦C for concentrations of 0 - 10%
NaCl.
Figure 3.4: 1-octanol/1 wt.% active water 50% v/v shake flask room temperature emulsion
stability testing, time stop images of peripherally functionalized HPG surfactants.
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CHAPTER 4
CONCLUSIONS
In this paper two types of HPG surfactants have been developed to examine their struc-
ture/property relationships. The first series of surfactants was the more conventional hy-
drophobic tail initiated surfactants, while the second was the core-shell like peripherally
functionalized surfactants. This series of surfactants exhibited elevated cloud points and
high salt stability, while the second was water insoluble. The HPG material has been ex-
plored as a head group material displaying emulsion modifying properties, as well as having
significant implications for the surface tension. The CAC and ACAC are significantly re-
lated to the size of the hydrophobe and the HLB of the surfactant for the hydrophobic-tail
initiated surfactants. However, the limit of this could not be tested as the UNILIN 550
HPG did not have enough UNILIN incorporation to be established definitively. The HPG
material as a surfactant displayed a strong affinity for preferential O/W emulsions in both
the hydrophobic-tail initiated and peripherally alkylated HPG surfactants.
The peripherally functionalized surfactants produced improved and distinct properties
from the conventional single chain surfactants in regard to improved surface tension modifica-
tion and strong O/W emulsion formation especially the C18 (5.1) alkylated HPG surfactant.
Large stable aggregate formation has been suggested to be responsible for the displayed
extraction layer of the C18 (5.1) alkylated HPG emulsion. The large cross-sectional areas
calculated at the CAC are also suggested to be due to the HPG architecture adhering to the
air/water interface.
HPG surfactants have been explored as commercially viable nontoxic agents through their
relevant properties in industrial formulations and applications for secondary oil recovery.
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